BACKGROUND-BASIS OF ANTI-HEPATITIS B VIRUS (HBV) THERAPY
E ffective therapies have been developed for chronic hepatitis B (CHB) infection. Hence, interferon-a (IFN-a) and its pegylated form (Peg-IFN-a), and five other drugs that belong to the class of nucleoside analogs (NAs), have been approved for this indication in most parts of the world (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Jordheim et al. 2013; Buti 2014; Kao 2014) . IFN-a is an immune modulator that induces, in a nonspecific manner, the expression of interferon-stimulated genes (ISGs) encoding intracellular or secreted proteins with direct or indirect antiviral properties in both infected and noninfected cells, and promotes the differentiation/activation of immune cells (Samuel 2001; Sadler and Williams 2008) . In the HBV setting, the IFN-a antiviral activity results from a complex mode of action including the activation of natural killer (NK)/ NKT cells, inhibition of viral genome transcription, destabilization of viral nucleocapsid, but also, as recently suggested, degradation of covalently closed circular DNA (cccDNA) via the activation of APOBEC3A in infected cells (Micco et al. 2013; Thimme and Dandri 2013; Lucifora et al. 2014) .
NAs directly inhibit the reverse transcriptase activity of the HBV polymerase. The approved NAs include lamivudine (LMV), a deoxycyti-dine analog with an unnatural L conformation, and the related L-nucleoside, telbivudine (LdT; b-L-thymidine). A second group, the acyclic phosphonates, includes adefovir dipivoxil (ADV), a prodrug for the acyclic 2 0 -deoxy adenosine monophosphate analog adefovir, and the structurally similar tenofovir (TFV). A third group contains a D-cyclopentane sugar moiety and has the most potent anti-HBV drug discovered to date, the deoxyguanosine analog entecavir (ETV). This structural classification of NAs is useful clinically because it helps predict pathways of NA drug resistance (Zoulim and Locarnini 2009; Gish et al. 2012) . In chronically HBV-infected hepatocytes, NAs inhibit the viral polymerase activity resulting in a decreased production of virions, a reduced recycling of viral nucleocapsids to the nucleus of infected cells, and theoretically a decline of viral cccDNA, although the latter can only be observed after many years of treatment (Zoulim and Locarnini 2009; Gish et al. 2012; Buti 2014 ). NAs do not inhibit the de novo formation of cccDNA in newly infected cells, implying that persistent residual viremia during antiviral therapy can lead to infection of new hepatocytes and reestablishment of viral cccDNA reservoir. A decrease of the total amount of intrahepatic cccDNA is observed during long-term therapy as a consequence of (1) the inhibition of the intracellular recycling pathway, (2) dilution of cccDNA via hepatocyte turnover, as cccDNA may be lost through cell division, and (3) decreased rate of infection of new cells (Moraleda et al. 1997; Le Guerhier et al. 2000 , 2001 Zhu et al. 2001; Werle-Lapostolle et al. 2004) .
The therapeutic efficacy of these treatments can be affected by factors, such as the development of adverse effects, poor patient compliance, previous treatment with suboptimal regimens, infection with drug-resistant viral strains, inadequate drug exposure because of pharmacologic properties of particular drug(s), and individual genetic variation (Zoulim 2011; EASL 2012; Gish et al. 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014; Kao 2014) . A simplified view of the mode of actions of the approved antiviral agents in the HBV life cycle is shown in Figure 1 .
GOALS OF THERAPY AND TREATMENT END POINTS
The goal of therapy for CHB is to improve the quality of life and survival by preventing or significantly delaying progression of the disease toward cirrhosis, decompensated cirrhosis, end-stage liver disease, and hepatocellular carcinoma (HCC). This goal can be achieved if HBV replication is suppressed in a sustained manner. It is accompanied by a reduction in the histological activity of CHB and a decreased risk of developing cirrhosis and HCC, particularly in noncirrhotic patients (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012) . Several recent studies in large cohorts have shown that the risk of HCC development is significantly decreased by successful antiviral therapy compared with untreated historical patient cohorts, but is not abated (Hosaka et al. 2013; Lai and Yuen 2013; Cho et al. 2014; Wu et al. 2014) . Chronic HBV infection cannot be completely eradicated owing to the persistence of cccDNA in the nucleus of infected hepatocytes, which explains HBV reactivation, for instance, in patients who receive immunosuppressive therapy or chemotherapy (Werle-Lapostolle et al. 2004; Maynard et al. 2005; Wong et al. 2013; Seegeret al. 2014 ). Thus, therapy should at least ensure a degree of viral suppression (i.e., undetectable blood viremia) that will then lead to biochemical remission, histological improvement, and prevention of complications. This is the currently achievable end point, which can be either maintained during therapy or sustained after treatment cessation. However, the ideal end point is HBsAg loss (i.e., HBsAg seroclearance) and/or anti-HBs antibody (i.e., HBsAb) seroconversion, which is currently infrequently achievable with the available anti-HBV agents (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014; Kao 2014) .
TREATMENT INDICATIONS
The indications for treatment are generally the same for both HBeAg-positive and HBeAgnegative CHB. This is based mainly on the com-bination of three criteria: (1) serum HBV DNA levels, (2) serum alanine aminotransferase (ALT) levels, and (3) the severity of liver disease.
The international clinical practice guidelines from the American Association for the Study of Liver Diseases (AASLD), the European Association for the Study of the Liver (EASL), and the Asian Pacific Association for the Study of the Liver (APASL) usually recommend that patients should be considered for treatment when they have HBV DNA levels above 2000 IU/mL, serum ALT levels above the upper limit of normal (ULN), and moderate to severe active necroinflammation and/or at least moderate liver fibrosis severity (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014; Kao 2014) . Indications for treatment may also take into account age, health status, and family history of cirrhosis or HCC, as well as extrahepatic manifestations of the disease.
The clinical management of patients also depends on their specific medical history and their clinical presentation: 1. "Immunotolerant" patients (i.e., HBeAgpositive patients under 30 years of age with persistently normal ALT levels and a high HBV DNA level) without any evidence of liver disease and without a family history of HCC or cirrhosis are currently not considered by the guidelines for liver histology assessment or therapy, but a clinical follow-up every 6 mo is recommended. Figure 1 . Schematic of interferon (IFN)-a and nucleoside analog (NA) modes of action. NAs block the synthesis of relaxed circular DNA (rcDNA) into neosynthesized nucleocapsids by acting as chain terminator for hepatitis B virus (HBV) polymerase. IFN-a has both direct and indirect actions on HBV replication in vivo. It can either (1) stimulate professional immunity cells (e.g., natural killer (NK)/natural killer T cell (NKT) and CD8 þ cells) to enhance their dual mode of action, which is either noncytolytic clearance of HBV replication via the action of cytokines (e.g., IFN-g) or cytolysis of infected cells, or (2) induce the expression of interferon-stimulated genes (ISG) and proteins, which can bear antiviral properties, such as APOBEC3A/B or MxA. cccDNA, covalently closed circular DNA; ER, endoplasmic reticulum; hNTCP, human sodium taurocholate cotransporting polypeptide; pgRNA, pregenomic RNA.
years of age and/or with a family history of HCC or cirrhosis, both evaluation of liver histology and treatment may be considered.
2. Patients with obviously active CHB (i.e., HBeAg-positive and HBeAg-negative patients with ALT above 2 times ULN and serum HBV DNA above 2000 IU/mL) may start treatment even without a liver biopsy, as it would not be mandatory for a treatment decision. A noninvasive method for the estimation of the extent of fibrosis/cirrhosis is extremely useful in patients who start treatment without liver biopsy, to implement screening of HCC and portal hypertension.
3. HBeAg-negative patients with persistently normal ALT levels and HBV DNA levels above 2000 but below 20,000 IU/mL, without any clinical evidence of liver disease, are currently not considered for liver biopsy or therapy. However, a close follow-up of ALT and HBV DNA is recommended.
4. Patients with compensated cirrhosis and detectable HBV DNA must be considered for treatment even if ALT levels are normal.
5. Patients with decompensated cirrhosis and detectable HBV DNA require urgent antiviral treatment with NAs. Significant clinical improvement can be associated with control of viral replication (Liaw et al. 2011a,b) . However, antiviral therapy may not be sufficient to rescue some patients with very advanced liver disease who should be considered for liver transplantation at the same time.
6. Inactive carriers receiving chemotherapy or other immune suppressant treatments need to receive preemptive antiviral therapy to prevent viral reactivation, implying that HBV screening is mandatory for these patients before starting immune suppressant therapy.
7. HIV-coinfected patients should be treated with treatment regimens including a high barrier-to-resistance NA active on both HIV and HBV (i.e., TFV). The antiviral regimen should meet current highly active antiretroviral therapy (HAART) criteria for effective HIV management including adequate viral suppression.
RESULTS OF INTERFERON AND NA THERAPIES
The efficacy of antiviral drugs has been assessed mainly at 1 year in large randomized controlled trials and has been reviewed recently (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014; Kao 2014) . Longerterm results are now available from extension of randomized trials, sometime in patient subgroups and from several cohort studies (Hosaka et al. 2013; Lai and Yuen 2013; Cho et al. 2014; Wu et al. 2014) . Table 1 shows the response rates with Peg-IFN-a, TFV, and ETV from different trials. These trials used different HBV DNA assays and there are no head-to-head comparisons for all the drugs.
HBeAg-Positive Patients
Response rates, including HBV DNA undetectability and anti-HBe seroconversion, at 6 mo following 48 wk of Peg-IFN-a and at 1 yr of NA therapy are shown in Table 1 . Anti-HBe seroconversion rates were of the order of 30% with Peg-IFN-a and 20% with NAs after 1 yr of therapy (Buti 2014; Kao 2014) . In adherentto-treatment patients, a virological remission rate of .90% can be maintained with either ETV or TFV with prolonged therapy (Gish et al. 2007; Heathcote et al. 2011; Lok et al. 2012; Ono et al. 2012; Gordon et al. 2013; Fung et al. 2014; Kitrinos et al. 2014) . Rates of HBsAg loss following 12 mo of treatment were 3% -7% with Peg-IFN-a, 1% with LMV, 0% with adefovir, 2% with ETV, 0.5% with LdT, and 3% with TFV (Buti 2014; Kao 2014 ). HBsAg loss rates increase after the end of Peg-IFN-a therapy in patients with sustained offtreatment virological response and with prolongation of NA therapy, and reach 10% after 5 yr of follow-up for Peg-IFN-a or of continuous NA treatment (Kao 2014) . Vigano et al. 2014; Vlachogiannakos and Papatheodoridis 2014) . Rates of sustained off-treatment virological response were of the order of 20% at 6 mo following 12 mo of Peg-IFN-a therapy and ,5% following discontinuation of 12 mo of NA therapy. In adherent-totreatment patients, a virological remission rate of .95% can be maintained with either continuous ETV or TFV administration (Vigano et al. 2014) . Rates of HBsAg loss following 12 mo of treatment were 3% with Peg-IFN-a (at 6 mo after the end of therapy) and 0% with LMV, adefovir, ETV, LdT, or TFV. HBsAg loss rates increase to 9% at 3 yr and 12% at 5 yr following Peg-IFN-a therapy. In contrast, HBsAg loss is rarely observed during the first 5 yr of NA therapy in HBeAg-negative CHB patients (Vigano et al. 2014) .
PREDICTORS OF TREATMENT RESPONSE
Certain general baseline and on-treatment predictors of subsequent response have been identified. Predictors of response for the existing antiviral therapies at various time points vary for different agents. Predictors may be useful to guide initiation and continuation of antiviral therapy.
HBeAg-Positive Patients

Pretreatment Factors
Predictors of anti-HBe seroconversion for both Peg-IFN-a and NAs are low viral load (HBV DNA below 2 Â 10 8 IU/mL), high serum ALT levels (above 2-5 times ULN), and high activity scores on liver biopsy (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014; Kao 2014) . HBV genotypes A and B have been shown to be associated with higher rates of anti-HBe seroconversion and HBsAg loss than genotypes D and C, respectively, after treatment with Peg-IFN-a. HBV genotype does not influence the virological response to any NAs, except genotype A, which is associated with a higher rate of HBsAg loss in TFV-treated patients.
On-Treatment Factors
In HBeAg-positive CHB treated with Peg-IFNa, an HBV DNA decrease to ,20,000 IU/mL at 12 wk is associated with a 50% chance of antiHBe seroconversion, and ALT flares followed by a HBV DNA decrease are associated with more frequent anti-HBe seroconversion. A decline of HBsAg levels below 1500 IU/mL at 12 wk is a strong predictor of anti-HBe seroconversion, whereas HBsAg levels .20,000 IU/mL or no decline of HBsAg levels at 12 wk are associated with a very low probability of subsequent antiHBe seroconversion. Virological response (undetectable HBV DNA) at 24 wk during treatment with LMV or LdT and at 48 wk during treatment with adefovir is associated with a lower incidence of resistance (i.e., an improved chance of maintained virological response) in both HBeAg-positive and HBeAg-negative patients and with a higher chance of anti-HBe seroconversion in HBeAgpositive patients. A decline of HBsAg during NA treatment in HBeAg-positive patients may identify cases with subsequent HBeAg or HBsAg loss.
HBeAG-Negative Patients
Pretreatment Factors
In HBeAg-negative CHB, there are no strong pretreatment predictors of virological response for Peg-IFN-a and NAs (EASL 2012; Lampertico and Liaw 2012; Vigano et al. 2014 ; Vlachogiannakos and Papatheodoridis 2014).
On-Treatment Factors
In HBeAg-negative CHB treated with Peg-IFNa, HBV DNA decrease to ,20,000 IU/mL at 12 wk has been reported to be associated with a 50% chance of sustained off-treatment response. A combination of no HBsAg decline and ,2 log 10 IU/mL decline of HBV DNA seems to be a predictor of nonresponse in European HBeAg-negative patients with genotype D. Several recent reports showed that HBsAg decline is predictive of sustained off-treatment virological response and HBsAg loss. However, further studies are needed to clarify how to optimize the use of HBsAg levels in the management of patients in clinical practice. In patients receiving NAs, maintained viral suppression is required to prevent the emergence of antiviral drug-resistant strains.
Treatment Strategies
Currently, there are two different treatment strategies for both HBeAg-positive and HBeAgnegative CHB patients: (1) treatment of finite duration with Peg-IFN-a or an NA, and (2) long-term treatment with NAs (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014; Kao 2014; Vigano et al. 2014; Vlachogiannakos and Papatheodoridis 2014) .
The main theoretical advantages of Peg-IFN-a are the absence of resistance and the potential for immune-mediated control of HBV infection with an opportunity to obtain a sustained virological response off-treatment and a chance of HBsAg loss in patients who achieve and maintain undetectable HBV DNA. Frequent side effects and subcutaneous injection are the main disadvantages of Peg-IFN-a treatment. Peg-IFN-a is contraindicated in patients with decompensated HBV-related cirrhosis or autoimmune disease, in patients with uncontrolled severe depression or psychosis, and in female patients during pregnancy. ETV and TFVare potent HBV inhibitors with a high barrier to resistance. Thus, they can be confidently used as first-line monotherapies (Zoulim and Locarnini 2009; Gish et al. 2012) .
The other three NAs may only be used in the treatment of CHB if more potent drugs with a high barrier to resistance are not available. LMV is an inexpensive agent, but engenders very high rates of resistance with long-term monotherapy. Adefovir is less efficacious and more expensive than TFV, leading to higher rates of resistance. LdT is a potent inhibitor of HBV (Sun et al. 2014) , but owing to a lower barrier to resistance, a high incidence of resistance has been observed in patients with high baseline HBV DNA levels and in those with detectable HBV DNA after 6 mo of therapy; resistance rates to LdT are relatively low in patients who achieve undetectable HBV DNA after 6 mo of therapy. Recent retrospective studies suggest that long-term LdT therapy may improve kidney functions assessed by the estimated glomerular filtration rate (Gane et al. 2014 ).
Treatment of Finite Duration with PEG-IFN or an NA
This strategy is intended to achieve a sustained off-treatment virological response. A 48-wk course of Peg-IFN-a is mainly recommended for HBeAg-positive patients with the best chance of anti-HBe seroconversion. It is practically the only option that may offer a chance for sustained off-treatment response after a finite duration of therapy. In HBeAg-negative patients, Peg-IFN-a therapy can achieve on-treatment viral suppression, but is followed by virological relapse after treatment cessation in many patients.
Finite-duration treatment with an NA is achievable for HBeAg-positive patients who seroconvert to anti-HBe on treatment. However, treatment duration is unpredictable before therapy as it depends on the timing of anti-HBe seroconversion and the treatment continuation after anti-HBe seroconversion. Anti-HBe seroconversion may not be durable after NAs discontinuation in a substantial proportion of these patients, therefore requiring close virologic monitoring after treatment cessation. Even after NA treatment prolongation for an additional 12 mo after anti-HBe seroconversion, a durable off-treatment response can be expected in 40% -80% of these patients.
Long-Term Treatment with NAs
This strategy is necessary for patients who are not expected to or failed to achieve a sustained off-treatment virological response and require extended therapy (i.e., for HBeAg-positive patients who do not develop anti-HBe seroconversion and HBeAg-negative patients) (Buti 2014; Vigano et al. 2014 ). This strategy is also recommended in patients with cirrhosis irrespective of HBeAg status or anti-HBe seroconversion on treatment. The most potent drugs with the optimal resistance profile (i.e., TFV or ETV), should be used as first-line monotherapies. It is optimal to achieve and maintain an undetectable HBV DNA level tested by real-time polymerase chain reaction (PCR), whatever the drug used. Treatment with either TFVor ETV monotherapy for !5 yr achieves maintained virological remission in the vast majority of patients.
RESISTANCE TO ANTIVIRAL DRUGS AND TREATMENT FAILURE Main Concepts
The development of drug resistance begins with mutations in the polymerase gene, followed by an increase in viral load, an increase in serum ALT levels several weeks to months later, and progression of liver disease (Zoulim and Locarnini 2009; Gish et al. 2012) . The main mutations associated with resistance to a given NA are shown in Figure 2 . The appearance of mutation in vivo can be monitored by direct sequencing (including next-generation sequencing), sequencing after cloning, or by hybridization techniques, and mutants can be phenotyped in vitro by previously described techniques Liu and Kitrinos 2013) .
In patients with LMV resistance, the risk of increased serum ALT is usually correlated with the duration of detectability of the resistant strain (Lok et al. 2003) . These patients are also at significant risk of ALT flare, which may be accompanied by hepatic decompensation (Lok et al. 2003) . The detrimental effect of HBV drug resistance on liver histology and then on clinical outcome was shown by a trial of LMV in patients with advanced fibrosis (Liaw et al. 2004) . In contrast to LMV, the kinetics of emergence of resistance to ADV are typically slower, but follow the same sequence of events (Hadziyannis et al. 2006) . In some cases, the emergence of ADV resistance is also associated with acute exacerbation of disease and liver failure (Fung et al. 2005) . Only limited data are available on the clinical outcome of patients who are infected with LdT-, ETV-, or TFV-resistant HBV, mainly because treatment adaptation, usually based on in vitro cross-resistance data, has been initiated much earlier.
The availability of antiviral drugs with complementary cross-resistance profiles (Fig. 2) allows physicians to adapt antiviral therapy according to the virological situation to prevent the clinical deterioration resulting from the emergence of resistance. There are several clinical risk factors associated with the development of NA resistance, including high levels of serum HBV DNA, high serum ALT levels, and high body mass index. Prior therapy with NAs, and inadequate viral suppression during therapy also predict drug resistance.
Typically, the development of NA resistance depends on the following factors (Zoulim and Locarnini 2009; Gish et al. 2012) : (1) rate of virus replication; (2) complexity and diversity of the viral quasispecies; (3) selective pressure exerted by the NA ( potency); (4) viral replication space in the liver; (5) replication fitness of the emerging NA-resistant HBV; (6) genetic barrier to resistance of the NA; (7) previous treatment history and archiving of drug-resistant strains; and (8) treatment observance/compliance. This explains that sequential therapy with low-barrierto-resistance NA sharing cross-resistance may favor the emergence of multiresistant strains that may explain, for instance, failure to ETV therapy after an initial resistance to LMV or LdT (Villet et al. 2007; Liu et al. 2010) .
Clinical Aspects of Resistance and Treatment Failure
All patients receiving NA therapy for CHB should be closely monitored for virologic response and breakthrough during treatment. Serum HBV DNA should be tested every 3 mo during treatment; however, if the patient is compliant and a high genetic barrier, high potency drug (ETVand TFV) is used, then this frequency can be reduced to 6 mo. In a compliant patient, it is important to distinguish between primary nonresponse, partial virologic response, and virologic breakthrough (viral rebound) owing to underlying antiviral drug resistance, as it has implications for treatment adaptation (Zoulim and Locarnini 2009; Gish et al. 2012 ).
1. Primary nonresponse. The failure to achieve a 1.0 log 10 IU/mL decline in viral load after 12 wk of therapy is considered as a primary nonresponse. It may be owing to a lack of compliance or the medication may not use its antiviral activity in a particular individual. Suboptimal response was often seen with ADV and was shown to be unrelated to a reduced drug susceptibility of viral strains as measured in vitro by phenotypic assay (Carrouee- . With the advent of more potent antiviral drugs, such as TFV and ETV, this phenomenon is now much less frequent. When a primary nonresponse is identified, treatment should be modified to prevent disease progression and subsequent risk of emergence of drug-resistant mutants.
2. Partial response. The recommendations of international clinical practice guidelines are to achieve undetectable HBV DNA during therapy; therefore, partial response is de-fined by detectable HBV DNA using a realtime PCR assay during continuous therapy (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012) . With antiviral drugs that have a low genetic barrier to resistance (LMV, LdT), the lack of complete antiviral response at wk 24 of therapy was shown to predict the subsequent resistance rate. With the more potent and high genetic barrier drugs, such as ETV and TFV, the rate of undetectable HBV DNA after 1 yr of therapy is significantly improved, reaching 70% in HBeAg-positive patients and 90% in HBeAg-negative patients (Buti 2014; Vigano et al. 2014) . Because the rate of viral suppression continues to increase over time with ETV and TFV, the timing of treatment adaptation mainly depends on the kinetics of viral load decay, especially in patients starting from a very high viral load who may just need additional weeks of therapy to reach undetectable HBV DNA by PCR testing (Buti 2014; Vigano et al. 2014) . Therefore, the pattern of viral load decline is more useful than a single assessment, because the latter may result in a misleading interpretation of treatment response. When using drugs with a low barrier to resistance, it is recommended that in cases of persisting low viremia, treatment be adapted to maximize viral suppression and minimize the subsequent risk of emergence of resistance (Zoulim and Locarnini 2009; Gish et al. 2012 ). In the case of NA with high barrier to resistance (TFV and ETV), the continuation of the same treatment associated with counseling on treatment compliance may allow one to reach complete virological response several weeks later (Zoulim and Locarnini 2009; Gish et al. 2012 ).
3. Virologic breakthrough and rebound. Virologic breakthrough typically results from the emergence of drug-resistant viral strains. It is defined by an increase of at least 1.0 log 10 IU/mL compared with the lowest value achieved during treatment, confirmed by a second test, in a treatment-compliant patient. It usually follows the detection of resistance mutations (Zoulim and Locarnini 2009; Gish et al. 2012 ). In the absence of treatment adaptation, the increase in viremia may be followed by an increase in ALT levels (biochemical breakthrough) and subsequently progression of liver disease (clinical breakthrough) (Zoulim and Locarnini 2009; Gish et al. 2012) . The increase of viral load associated with the emergence of resistance mutations depends on the fitness of the mutants; interestingly, it was shown that resistance mutations in the polymerase gene affecting the overlapping surface gene (e.g., rtA181T/sW172 Ã ) may affect both their capacity to be secreted from infected hepatocytes and their infectivity (Warner and Locarnini 2008; Billioud et al. 2011 ). This may result in a slow increase of viral load for which the identification of a 1 log 10 IU/mL increase may be difficult.
Management of Treatment Failure
Assessment of Treatment Adherence
Good adherence to anti-HBV therapies is important for maintaining maximal suppression of HBV replication (Table 2) . Poor adherence can result in substantially reduced plasma drug levels, depending on the number of doses missed and the half-life of the drug, and can result in increased viral replication (Zoulim and Locarnini 2009; Gish et al. 2012) . Investigation of adherence to NA therapy in patients with CHB has shown that nearly 40% may not be fully adherent; this significantly impacts on the rates of viral suppression (Sogni et al. 2012) . Low-level viral replication associated with nonadherence increases the pressure on the potency of the NA, and consequently increases the risk of selecting for resistance. Specific treatment adherence questionnaires and drug concentration monitoring can be useful for the management of patients. The level of education, type of health insurance, cultural factors, as well as low copayment for medications can significantly impact medication adherence. Thus, programs on patient counseling and on medication adherence to improve effectiveness of antiviral therapy in clinical practice are recommended.
Treatment Adaptation According to Cross-Resistance
Cross-resistance is defined as resistance to drugs to which a virus has never been exposed as a result of changes that have been selected for by the use of another drug (Zoulim and Locarnini 2009; Gish et al. 2012) . The resistance-associated mutations selected by a particular NA confer at least some degree of cross-resistance to other members of its structural group but may also diminish the sensitivity to NAs from a different chemical group. The initial drug choice and subsequent rescue therapies should be based on the knowledge of cross-resistance, so that the second agent has a different resistance profile to the initial failing agent. This is particularly important because drug-resistant mutants that have been selected by previous treatments are thought to be archived in viral cccDNA reservoirs in the liver (Zoulim and Locarnini 2009; Gish et al. 2012 ). The add-on strategy with NAs having complementary cross-resistance profiles is mandatory when using drugs with a low barrier to resistance.
Management of Antiviral Drug Resistance
Virologic breakthrough in compliant patients is related to viral resistance. Resistance should be identified as early as possible, before ALT levels increase, by monitoring HBV DNA levels and if possible identifying the NA resistance profile; the best therapeutic strategy can then be determined based on this information. Clinical and virological studies have shown the benefit of an early adaptation of treatment (Zoulim and Locarnini 2009; Gish et al. 2012) . In case of resistance, an appropriate rescue therapy should be initiated as soon as possible. Adding a second drug that is not in the same cross-resistance group as the first (i.e., L-nucleoside vs. acyclic phosphonate vs. D-cyclopentane) is recommended at least for drugs with a low barrier to resistance. However, although there is a strong virologic rationale for an add-on strategy with a complementary drug to prevent the emergence of multidrug-resistant strains and raise the barrier to resistance, there is a current trend to recommend a switch to a complementary drug having a high barrier to resistance, such as TFV (Berg et al. 2014 ). This critical point will need a precise evaluation by long-term clinical and molecular virology studies, as some mutants are associated with slow decline of viral load (Villet et al. 2008; Patterson et al. 2011; Lavocat et al. 2013) . Furthermore, the switch strategy does not apply to patients who have been exposed to multiple alternating monotherapies; these patients should be enrolled in add-on strategies to minimize the risk of subse- ADV, Adefovir dipivoxil; ETV, entecavir; LdT, telbivudine; LMV, lamivudine; TFV, tenofovir.
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quent treatment failure, especially in the presence of underlying cirrhosis. Figure 2 shows the major resistance substitutions; cross-resistance can be inferred from these profiles for the most frequent resistant HBV variants and treatment adaptation should be performed accordingly (Zoulim and Locarnini 2009; Gish et al. 2012 ). (Hosaka et al. 2013; Lai and Yuen 2013; Cho et al. 2014; Wu et al. 2014 ). An important placebo control trial was performed with LMV to determine its efficacy on clinical end points. Patients enrolled for this study had significant liver disease and advanced fibrosis. A .50% reduction in liver disease progression including HCC was found after 36 mo of therapy (Liaw et al. 2004) . This study was a first proof of concept that antiviral therapy of CHB even at late stages can decrease the major complications of chronic infection (Liaw et al. 2004) . Other studies suggested a trend for a lower incidence of HCC in patients treated with LMV for chronic hepatitis compared with those treated at the stage of cirrhosis (Papatheodoridis et al. 2011) . It is important to remember, however, that the HCC incidence in these CHB patients treated with NAs was significantly decreased but not eliminated (Papatheodoridis et al. 2011; Hosaka et al. 2013; Lai and Yuen 2013; Cho et al. 2014; Wu et al. 2014) . Strict adherence to clinical guidelines requires a level of clinical monitoring, public awareness, and case ascertainment that will be difficult to achieve as long as young adults think they are not yet at risk and possibly in need of treatment to reduce the incidence of cirrhosis and HCC later in life. Another important concern is that HCC risk factors in HBV carriers are not well understood. Current thinking favors the notion that the HCC risk begins, in the vast majority of cases, with the immune reactive phase, but there is no proof that it does not begin much earlier.
REASONS TO CONSIDER "EARLY" TREATMENT INTERVENTION
The current information on long-term antiviral treatment efficacy and safety allows one to consider earlier treatment intervention in patients with chronic HBV infection. A change in treatment practices is much more feasible than it was even a few years ago, as much better drugs have become available with a better antiviral potency and a higher barrier to resistance. It is interesting to see that the results of the first clinical trial of NAs in immune-tolerant patients has recently been published and showed a significant drop in viremia levels in the majority of patients, although no HBsAg seroconversion occurred and the impact on HCC development could not be determined owing to the short duration of follow-up. In theory, it would be best to initiate NA treatment in all immune-tolerant patients. However, a more conservative approach, which would be one step beyond the current guidelines, would be to propose therapy in all patients with persistently high-normal ALT levels, or with normal ALTs who show relatively low levels of viremia (e.g., .10 4 but 10 8 copies per mL), including patients in their 20s, not just those beyond 40 yr of age (Lai et al. 2007; Zoulim and Mason 2012) . When biopsies are available, attempts should be made to establish hepatocyte infection levels and identify lowlevel inflammatory activity. The presence of some degree of inflammatory activity associated with a reduction of HBV capsid/core protein (HBc) Ag-positive hepatocytes, and lower levels of HBV DNA in serum (,8 log10 IU/mL, but .4 log10 IU/mL) would suggest a high level of accumulated hepatocyte damage/change, even in the absence of other indicators of histological change, and treatment would seem strongly warranted. This is also supported by the observation that HBV-specific T-cell functions are conserved in patients in the so-called "immune tolerance" phase (Kennedy et al. 2012 ). An unappreciated cause of clonal hepatocyte repopulation occurs in noncirrhotic liver as well. Immune killing of infected hepatocytes is the strongest known pressure on the infected hepatocyte population in the noncirrhotic liver and, analogous to cirrhosis, should lead to the emergence of HBV-resistant hepatocytes that are able, in this example, to avoid immune killing. Indeed, most analyses of long-term carriers suggest that 50% or more of hepatocytes no longer support HBV infection and/or support much reduced levels of replication (Mason et al. 2008) . Therefore, although it may seem paradoxical at first glance, any reduction in HBV titers in HBV carriers may warrant initiation of antiviral therapy, even if biopsy does not reveal histologically detectable active hepatitis (Zoulim and Mason 2012) .
TOWARD A CURE OF HBV INFECTION WITH NOVEL COMBINATION STRATEGIES?
One of the major questions regarding antiviral therapy of CHB was whether the combination of Peg-IFN-a with NAs could improve the offtreatment response rate and the rate of HBsAg seroconversion to shorten treatment duration. However, despite the observation that the combination of Peg-IFN-a with LMV or LdT showed a higher on-treatment virological response, it did not show a higher rate of sustained off-treatment virological or serological response Janssen et al. 2005; Lau et al. 2005) . Several studies are ongoing with the combination of Peg-IFN-a and ETV or TFV (Kao 2014) , but, presently, this type of combination is not yet recommended. Furthermore, there are no data to indicate an advantage of de novo combination with ETV and TFV in NA-naïve patients, although more studies in patients with high baseline viremia (HBV DNA .10 8 IU/mL) are required. Current treatments for CHB based on NAs allow one to control viral replication and liver disease in the majority of patients (EASL 2012; Lampertico and Liaw 2012; Scaglione and Lok 2012; Buti 2014) . However, because NAs are not able to clear cccDNA, lifelong therapies are required to maintain the antiviral effect. To define new therapeutic options and head toward treatments with finite duration, it is therefore necessary to develop new molecules acting on novel targets to set true combination therapies (Zoulim 2012) . The persistence of HBV infection and the maintenance of the hepatocytes harboring cccDNA mainly result from a weak HBV-specific immune response. In this respect, strategies directly or indirectly targeting cccDNA, as well as the stimulation of the immune response against HBV-infected cells, might represent a relevant approach. An efficient control of viral infections requires a concerted action of both innate and adaptive immune responses, as observed in the case of self-resolving HBV infection, which occurs in 90% of "immune-competent adults" exposed to the virus (Bertoletti and Ferrari 2012) . Restoring such responses in the chronic infection setting could help in reaching an immune control status similar to that observed in anti-HBs seroconverted patients or in "inactive carriers."
Definitions of a "Cure" of HBV Infection
There are several concepts around the definition of a "cure of HBV infection." The ultimate goal of treatment would be to eradicate viral cccDNA from the liver leading to a complete and definite clearance (i.e., "absolute cure") of infected hepatocytes, thereby preventing the risk of reactivation in case of a loss of immune control. However, it is worth noting that this would not abolish the consequences of viral genome integration in the host chromosomes of infected cells, as this event could occur early after the onset of infection (Seeger et al. 2014 ). On the other hand, in patients who spontaneously resolved viral infection with HBsAg clearance and anti-HBs (HBs antibody, i.e., HBsAb) seroconversion, cccDNA might not be completely eradicated, and the few persisting infected cells are supposed to be under the control of the host immune response. Therefore, a "clinical or functional cure" of infection could be defined by HBsAg clearance and HBsAb seroconversion, despite the lack of complete cccDNA eradication. The "functional cure" would be considered as long as the host immune response controls the infection and could be defined by the absence of relapse after treatment cessation. Another end point, which could be envisaged, is the control of infection, as observed in inactive carriers-defined by the persistence of low levels of serum HBsAg and HBV DNA levels with normal ALT levels-in which the HBV-specific immune response would be strong enough to keep viral replication under control, thereby allowing antiviral treatment cessation.
Identification of Novel Drug Targets
New drugs targeting novel targets are needed to develop true combination therapies and step toward a cure of HBV infection. Several targets and novel compounds are currently being evaluated in in vitro and in vivo experimental models, which could potentially complement NA or IFN-based therapy (see Fig. 3 ).
The recent discovery of one cellular receptor for HBV entry, hNTCP (human sodium taurocholate cotransporting polypeptide, also known as SLC10A1), has provided extremely valuable information regarding the development of entry inhibitors Urban et al. 2014 ). Previous to this discovery, it had been shown that myristoylated preS peptide (Myrcludex-B), a lipopeptide derived from the preS1 domain of the HBV envelope, could prevent HBV infection in hepatocyte culture as well as in vivo in humanized uPA/SCID mice, in which the liver is repopulated by human hepatocytes (Petersen et al. 2008) . Using the same mouse model, it was also shown that treatment with this HBV entry inhibitor efficiently inhibited the establishment of hepatitis d virus (HDV) infection, which requires HBV envelopes for its infectivity (Lutgehetmann et al. 2012) . Then retrospectively, it was interesting to see that the inhibition of viral entry by the preS peptide was indeed the result of its interaction with hNTCP . Furthermore, drugs that inhibit hNTCP function, such as cyclosporine, also decrease viral infectivity in cell-culture models Watashi et al. 2014) . As hepatocyte turnover and reinfection cycles might be needed to maintain persistent infection, this could make a reasonable case for the evaluation of such an entry inhibitor in the context of chronic infections. The specific value of entry inhibitors in the treatment of CHB will need to be shown in clinical trials. Because there is currently no specific antiviral for HDV infection except IFN-a, which provides sustained virologic response in only 25% of patients (Heidrich et al. 2014) , the clinical evaluation of entry inhibitors in patients who are coinfected with HBV and HDV is also warranted.
The initial formation (and maintenance by recycling of nucleocapsid) of cccDNA, from relaxed circular DNA (rcDNA) genome nuclear delivery, represents a very important antiviral target (Zoulim et al. 2013b; Seeger et al. 2014) . The cellular and biochemical events required for this process involve the transport of nucleocapsid to the nucleus, and the transformation of the rcDNA genome into cccDNAvia the removal of the viral polymerase covalently linked to viral minus-strand DNA, the removal of the short RNA primer for plus-strand DNA synthesis, the completion of plus-strand DNA, and the removal of the viral minus-strand DNA redundancy (Zoulim et al. 2013b; Seeger et al. 2014) . These steps seem to involve several nuclear enzymes, including TDP2 and endonucleases, for which it may be difficult to target a function specific to the viral life cycle (Sohn et al. 2009; Koniger et al. 2014) . Administration of NAs failed to prevent the initial formation of cccDNA after de novo infection of hepatocytes in animal models of infection, whereas their long-term administration to already infected individuals seems to decrease the pool of already established cccDNA by the potential inhibition of the recycling of nucleocapsids containing viral genomes to the nucleus; but one cannot exclude that this might also be owing to the clearance of infected cells from the liver by programmed cell death or immune killing. Interestingly, it was recently reported that small molecules might specifically target cccDNA formation. Two structurally related disubstituted-sulfonamide compounds were identified and may potentially serve as proof-of-concept (POC) drug candidates to eliminate cccDNA from chronic HBV infection by preventing initial formation and/ or maintenance by nucleocapsid recycling, but not by degrading already formed cccDNA (Cai et al. 2012) . On the other hand, it was recently shown that IFN-a and lymphotoxin-b receptor activation up-regulated APOBEC3A and APO-BEC3B cytidine deaminases, respectively, and induced nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA. Interestingly, HBc could mediate APOBEC3A/B interaction with nuclear cccDNA, resulting in cytidine deamination, apurinic/apyrimidinic site formation, and finally cccDNA degradation that prevented HBV reactivation (Lucifora et al. 2014 ). This opens new avenues to achieve cccDNA degradation by novel strategies. In this respect, the use of cccDNA-specific meganuclease (or related sequence-specific homing endonucleases) delivered to infected cells by gene therapy could also be an interesting approach to degrade cccDNA. Because the degradation of cccDNA from all cells remains a difficult goal to reach, the transcriptional silencing of cccDNA activity represents a step forward in developing original strategies. A first POC approach consisted in the expression of zinc-finger proteins able to bind the duck hepatitis B virus regulatory genetic sequence (enhancer), in infected cells. After cotransfection of vectors encoding these proteins and DHBV in cultured cells, it was shown that zinc-finger proteins are able to bind to the DHBV enhancer and interfere with viral transcription, resulting in decreased production of viral products and progeny virus genomes (Zimmerman et al. 2008 ). Yet the delivery of such targeted proteins to infected hepatocytes in vivo remains a challenge. Interfering with cccDNA-associated chromatin proteins is another exciting approach. Indeed, the acetylation and/or methylation status of the histones bound to cccDNA affect its transcriptional activity. It was shown in cell-culture and in humanized mice that IFN administration induces cccDNA-bound histone hypoacetylation, as well as active recruitment to the cccDNA of transcriptional corepressors (Belloni et al. 2012) . IFN-a treatment also reduced binding of the STAT1 and STAT2 transcription factors to active cccDNA. This may represent a molecular mechanism whereby IFN-a mediates epigenetic repression of cccDNA transcriptional activity, which may assist in the development of novel therapeutics. In this respect, the research aiming at developing epigenome-modifying enzyme inhibitors for cancer indications (Bojang and Ramos 2014; Jones 2014) , has to be scrutinized to potentially apply this knowledge to CHB treatment.
Beside the polymerase protein, HBV does not encode for other proteins bearing enzymatic activities, thus rendering difficult the development of other direct acting agents (DAA), as successfully shown for in the HCV field (Welsch et al. 2012 ). Yet other HBV protein functions could be targeted. In this respect, HBx protein represents an interesting theoretical target. Indeed, it was shown that this protein is required for viral infection in vivo (Zoulim et al. 1994; Seeger et al. 2014 ). More recently, it was shown in primary hepatocyte cultures, as well as HepaRG cells (Gripon et al. 2002) , that the HBx protein is necessary to initiate and maintain viral replication via cccDNA transcriptional regulation (Lucifora et al. 2011 ). This may be consistent with the observation that nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function (Belloni et al. 2009 ). HBx has also been shown to interact with DDB1, an adaptor protein, which on binding to CUL4 proteins, forms cullin-RING ligase complexes involved in major cellular functions (i.e., DNA repair, DNA transcription, DNA replication, etc.) (Angers et al. 2006 ). This interaction would prevent HBx degradation (i.e., favor HBx stabilization), and also induce the degradation of host factors, which could have antiviral functions, with both actions contributing to better HBV replication. The domain of interaction between HBx and DDB1 has been mapped , and could serve to design molecules interfering with this protein-protein interaction and leading to an antiviral phenotype. A more detailed knowledge of HBx function should help to target this key regulator of viral replication.
Several attempts have been made to develop inhibitors of nucleocapsid assembly or stability. A few non-nucleosidic molecules, belonging to the family of phenylpropenamides (AT-61 and AT-130) and heteroaryldihydropyrimidines (BAY41 -4109) (Delaney et al. 2002; Deres et al. 2003) , could prevent RNA encapsidation or destabilize nucleocapsids, respectively. These antiviral compounds were shown to inhibit the replication of wild-type HBV as well as HBV mutants resistant to NAs (Billioud et al. 2011) . Their molecular mechanism of action is to bind to HBc, and either induce its misdirection or speed up its multimerization in a way that pregenomic RNA ( pgRNA) is not incorporated anymore (Zlotnick and Mukhopadhyay 2011) . Besides their effect on viral DNA synthesis and virion production, these agents may potentially inhibit the intracellular amplification of cccDNA via the inhibition of nucleocapsid recycling to the nucleus, and may have other beneficial effects by modulating interactions between HBV and its hosts, for which the exact mechanisms need to be unraveled. For instance, results of recent studies suggest that HBV core may activate the transcriptional activity of viral cccDNA and repress the transcription of some ISGs (Belloni et al. 2013; Gruffaz et al. 2013) . Targeting these specific viral functions may result in mutual beneficial antiviral effects.
A more general manner to inhibit HBV protein functions would be to prevent their translation by degrading viral RNAs. In this respect, the use of antisense or small interfering RNAs (siRNAs) could represent a POC approach to show that inhibiting the expression of viral proteins in the first place could inhibit viral replication or restore functions otherwise inhibited by viral protein (Wooddell et al. 2013) . Hence, one could inhibit the production of HBx, HBc, as well as viral secreted protein (HBeAg and HBsAg, which may have immunomodulatory functions and contribute to HBV immune escape [Bertoletti and Ferrari 2012] ) and obtain multiple antiviral effects. But using siRNAs in vivo and delivering them to the entire liver to target all infected cells remains a therapeutic challenge, although major progress has recently been made in that area.
Interfering with other steps of viral morphogenesis and virion infectivity through the modulation of viral envelope glycosylation by a-glucosidase inhibitors represent other relevant approaches to be developed (Block et al. 1998; Lazar et al. 2007 ). Other groups have also tried to use triazolopyrimidine derivatives to decrease viral envelope protein secretion in experimental models in the perspective of restoring specific immune responses against viral envelope epitopes (Yu et al. 2011) .
Besides the inhibition of viral replication, other antiviral strategies consist in the boosting of specific immune responses against HBV. Based on recent knowledge of the role of innate responses in the control of HBV infection (Zoulim et al. 2013a ), several approaches have been evaluated to determine, among others, the effect of TLR2 or TLR7 stimulation in the woodchuck and chimpanzee models, respectively. For instance, it was shown that a TLR7 agonist can induce IFN-a and ISG expression in chimpanzees, which was associated with reduced serum and liver viral load (Lanford et al. 2013) . Transient elevations of serum transaminase levels were observed. The data were consistent with immune elimination of infected hepatocytes. Another recent study showed that ETV administration can restore TLR2 expression in infected cells, and that administration of TLR2 ligands inhibited viral replication (Zhang et al. 2012) . It would be interesting to test whether the combination of NA with a TLR2 or TLR7 agonist results in an enhanced antiviral effect (Durantel and Zoulim 2012) . Targeting viral determinants, which are responsible for defective innate immune responses, could specifically restore innate immunity that would be restricted to infected cells and not to all cells expressing innate sensors.
In chronic HBV infection, defective T-cell function is probably maintained by the effect of the prolonged exposure of T cells to large quantities of viral antigens and by the tolerogenic features of both liver cells and liver resident cells (Bertoletti and Ferrari 2012; Knolle and Thimme 2014) . These two combined mechanisms can result in the deletion of HBVspecific T cells or in their functional inactivation (exhaustion), which is characterized by an increased expression of negative costimulatory molecules and dysregulation of costimulatory pathways, which affect antiviral T-cell responses. In principle, restoration of immune control could follow different strategies (Bertoletti and Ferrari 2012; Knolle and Thimme 2014) . The inhibition of viral replication and decline in HBV antigens could lead to partial restoration of antiviral HBV-specific T-cell functions and inhibition of HBV suppressive effects (Boni et al. 2012 ). Blockade of negative regulatory pathways could be effective, by partially restoring HBV-specific T-cell functions (Kosinska et al. 2013) . Antiapoptotic drugs may reduce HBVspecific T-cell apoptosis and fight against Tcell exhaustion. The de novo reconstitution of functionally active HBV-specific T cells or activation of heterologous T cells is also another potential strategy. Besides these targeted immune strategies, attempts to deliver therapeutic vaccines (with recombinant proteins, specific peptides, DNAvaccine, or DNA delivered by viral vectors) have been evaluated in chronically infected patients or animals (Kosinska et al. 2013) , and may represent an interesting treatment option to be further evaluated in association with NAs, at least in selected patient populations; these different studies have been reviewed recently (Michel et al. 2011 ).
These new strategies should be evaluated in the most relevant experimental models. Infectious cell-culture models for HBV rely on primary human hepatocyte culture and the HepaRG cell line (Gripon et al. 1988 (Gripon et al. , 2002 , which are the only robust models used to study the entire HBV life cycle, but are still tedious to work with, compared with the traditional HepG2 or Huh7 hepatoma cell lines, which are used to study the late stages of HBV replication after transfection of replication-competent constructs. These cell-culture models are now improved with the reconstitution of hNTCP expression allowing viral infection and the study of critical steps just as cccDNA formation Urban et al. 2014) . Because access to chimpanzees is restricted, human HBV replica-tion is currently studied in vivo in humanized uPA/SCID mice (Petersen et al. 2008) . However, these mouse models have the disadvantage of using an immune-deficient host. Nevertheless, these experimental models should be useful for validating new targets and elucidating the mode of action of new antiviral compounds. Improvement of these models is now in progress with genetic engineering of mouse lineage to express hNTPC, as well as to engineer doubly humanized mice for both human hepatocytes and the human immune system. The development of more robust cell culture models and small primate models to recapitulate HBV infection and its pathogenesis is also highly desirable (Dupinay et al. 2013; Shlomai et al. 2014 ).
CONCLUSION
The field of anti-HBV therapy is entering a new era with a renewed interest of the scientific, medical, and industrial communities to develop new treatment concepts toward a cure of HBV infection. The better knowledge of the viral life cycle and its interaction with the liver microenvironment and host immune responses, together with the development of new study models will provide the right momentum for upfront research in this area. The better understanding and measurement of the major clinical end points also provide better guidance for the preclinical and early clinical evaluation of treatment concepts, which should translate into improved treatment outcomes in the future.
